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ABSTRACT

Syarbaini, Luthfia A. M.S.M.S.E., Purdue University, December 2013. Microstructural
Evolution during Stress Relaxation in Gold Thin Films. Major Professor: Carol
Handwerker.
Microstructure evolution in metal thin films for use in microelectronic devices was
studied due to the formation of defects such as whiskers and hillocks that may cause
problems in electrical circuits. Thin film stress relaxation can occur through a variety of
processes. Understanding such mechanisms and the conditions under which certain
mechanism dominate can potentially lead to the improved control of thin film stability.
Studies of the 3D microstructural changes in Au thin films on silicon and other substrates
with different thermal expansion coefficients aid us in understanding thin film relaxation
phenomena such as hillock/whisker formation. Techniques such as in-situ scanning
electron microscopy (SEM) heating and cooling experiments, electron backscattered
diffraction (EBSD), focus ion beam (FIB) cross sections and atomic force microscopy
(AFM) enabled us to quantify the kinetic relationships between relaxation mechanisms
and local morphological changes.
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CHAPTER 1. BACKGROUND

A thin film is a layer of a material on a substrate that ranges in thickness between a few
nanometers and several micrometers. The classifications of films varies significantly
among different technical specialties due to the geometrical configurations and the type
of constraints on their deformation forced by their surroundings [1]. Understanding and
controlling the stress relaxation mechanisms and processes in thin films is significant due
to variety of microstructural changes that may occur, including but not limited to grain
growth, grain boundary grooving, dewetting and spontaneous growth of surface defects,
such as whiskers and hillocks. Such understanding and control can lead to the further
interpretation of 3D interactions of microstructure, thin film relaxation phenomena due to
difference of thermal expansion coefficients between the thin film and the substrate, and
identifying the specific parameters that lead to dominant stress relaxation processes.
There are many film-substrate systems with different dominant stress relaxation
mechanisms presented in the literature. The study of thin film microstructural evolution,
specifically surface defect (hillock) formation during stress relaxation of Au thin films,
was the focus of this research.

Surface defects, specifically metal whiskers, were discovered in the 1950s. The risk of
electrical short-circuiting of nearby leads or components has led to the electronics
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industry’s continuing efforts in mitigating whisker formation. Issues of whisker
formation on metal surfaces were introduced by S.E. Koonce and S.M. Arnold [2], where
Sn whiskers with diameters of 5.8 m and 0.05 m were observed. From this discovery,
it was also found that many metal thin films exhibited the growth of surface defects such
as hillocks and whiskers, including: Ag, Au, Cu, Mg, Ni, Pb, Pt, Sn, W and Zn [3]. The
thin film stability is being studied due to the concerns of surface defect (whisker and
hillock) formation and associated problems in microelectronics. To effectively eliminate
the growth of surface defects, it is important to study the surface defect formation
mechanisms as well as additional stress relaxation mechanisms in thin films.
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CHAPTER 2. OBJECTIVES

The overall goal of this research was to determine the early, intermediate and late stages
of Au hillock formation. Specifically, the distribution of hillock height, surface area,
volume and other topographical properties were examined to understand hillock
formation and growth as a function of annealing time. Same areas of the Au thin film
were tracked in between continuous and interrupted annealing cycles to examine the
microstructural evolution globally within these areas and locally around the individual
hillocks in those areas. The microstructures from continuous and interrupted annealing
experiments were obtained and compared to determine effects of thermal cycling from
interrupted annealing on microstructure evolution.
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CHAPTER 3. PHYSICAL PROPERTIES OF GOLD

3.1

Introduction

This chapter will describe gold’s face-centered cubic lattice structure and its associated
isotropic physical properties.

Gold has a face-centered cubic (FCC) crystal structure, in which distances of the atoms at
the corner of the unit cell are equally spaced, a=b=c=4.07 Å as shown in Figure 3-1 [4].
Physical properties of gold are isotropic—a coefficient of thermal expansion (CTE) of
14.2 x 10-6 (°C)-1and a compliance (S11=S22=S33) of 190 GPa [5]. The melting point of
gold is 1064°C and Young’s modulus is 77 GPa [4]. Gold has high atomic and grain
boundary mobility. [5,7] The lattice and grain boundary diffusivities for gold can be
calculated using
 − Qd 
 D = D0 exp

 RT 

(1)

where D0 is a temperature-independent constant, Qd is the activation energy for diffusion
(eV/atom), R is the gas constant (8.62 x 10-5 eV/atom·K) and T is the temperature (K).
The lattice and grain boundary diffusivities were calculated with known values [7]. The
surface diffusion rate has been measured [8]. Table 1 shows the lattice, grain boundary
and surface diffusivities at 500 °C.
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Figure 3-1 Schematic representative of a Au unit cell. The cube edge lengths, a, are equal.
Table 1. Values of lattice, grain boundary and surface diffusion rates of Au.

3.2

Coefficient of Thermal Expansion

The coefficient of thermal expansion (CTE) is a materials property that relates to change
in atomic bond length (distance between atoms) as a function of temperature. The
relationship between temperature change and the change in atomic distance is linear, with
CTE as the slope, described by the relationship:

 (l − l0 ) 

 = Δα (T − T0 )
 l0 

(2)
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where T0 is the initial temperature, T is the final temperature, l0 is the initial length
between atoms, l is the final length between atoms and  is the coefficient of thermal
expansion [1]. Elastic strain due to change in the length between atoms is given by

ε=

(l − l0 )
l0

(3)

where  is the elastic strain. Assuming that a change in temperature induces a change in
the length between atoms (still in the elastic regime), giving rise to an elastic thermal
strain, the thermoelastic strain can be expressed in terms of coefficient of thermal
expansion and temperature change by:

ε = Δα (T − T0 )

(4)

The thermal expansion of the gold lattice is isotropic during annealing. Unlike gold, noncubic materials systems will not expand equally in all dimensions due anisotropic thermal
expansion. For this reason, equation 2 does not apply to anisotropic materials. Thus,
when dealing with films with anisotropic CTEs, one must take into consideration
orientation-dependent CTEs.

Changes in temperatures will induce thermal strain, which can be converted to stress
using

σ = Eε

(5)

where  is the elastic stress, E is the Young’s Modulus, and  is the elastic thermal strain.
With the coefficient of thermal expansion mismatch between the Au film and Si substrate,
stress will be generated in the Au films. If the change in temperature is large (upon
heating or cooling), the magnitude of stress in the Au film may be high enough to
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generate plastic deformation and induce different stress relaxation mechanisms. The CTE
of materials used are in Table 2 [4].

Table 2. Values of coefficient of thermal expansions of materials used.

Using the reported Young’s modulus, coefficients of thermal expansion of Si and Au, and
equations [4] and [5], assuming a temperature change from 25°C to 500°C, the calculated
elastic stress in the Au film on Si substrate is estimated to be 418 MPa. The calculated
elastic stress is larger than the reported Au yield strength of 130 MPa [4]. Thus, the Au
film annealed at 500°C will go through plastic deformation. Upon heating, the film stress
is compressive ( < 0) and upon cooling, the stress film is tensile ( > 0). In this thesis,
for continuous annealing experiments, the sample will go through one thermal cycle,
where the Au film will experience a compressive stress during heating and tensile stress
during cooling. For interrupted annealing experiments, the sample will go through many
thermal cycles, where the Au film will experience a compressive stress during heating
and tensile stress during cooling repeatedly. During heating, temperature hold, and
cooling, film stress relaxation will take place. Stress generated by CTE mismatch
between the Au film and Si substrate can drive stress relaxation and associated
microstructural changes, including creep, grain growth, grain boundary grooving,
dewetting, delamination and surface defect formation, such as whiskers and hillocks. The
evolution of hillock formation will be discussed further in this thesis.
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The materials systems studied were the Au/SiO2/Si system and the Au/Si3N4/Si system.
For both systems, upon heating, the Au films can expand more than the Si substrates.
However, because the Au film is bounded by the Si substrate, the Si substrate is limiting
the expansion of Au. Thus, the Au film will have a compressive stress state. Upon
cooling, the Au films can contract more than the Si substrates. However, because the Au
film is bounded by the Si substrate, the Si substrate is limiting the contraction of Au.
Thus, the Au film will have a tensile stress state. The thin silicon nitride film and thin
thermal oxide film will not have significant effects on the expansion or contraction of the
Au due to their small thicknesses in comparison to those of the Au and Si.

3.3

Chemical Reaction and Adhesion of Au with Si

In the examined systems, the thermal oxide, SiO2, and silicon nitride, Si3N4, are the
intermediate layers of interests because they serve as adhesion layer and diffusion barrier
layer between Au and Si. When a Si substrate is in direct contact with Au film, Si-Au
chemically react and the formation of SiO2 can subsequently occur on the Au film free
surface at room temperature in the presence of oxygen. Hiraki reported the reactions of
Si-Metal contacts, specifically the growth of SiO2 due to the Si-Au reaction at low
temperatures [9]. In this reaction, Si dislodgement occurs at the Si substrate – Au film
interface. Si is then transported through the Au film layer to the free surface, where Si
reacts with O2 to form SiO2. Similarly, a Si layer formed over the free surface of Au in a
vacuum [10]. Figure 3-2 illustrates the microstructure of the Au thin film when in contact
with the Si substrate. Thus, the intermediate layer between the Au film and Si substrate is
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clearly needed to prevent this phenomenon in Hiraki’s findings. Additionally, annealing
the Au film on Si substrate system at temperatures above the eutectic temperature of
363°C may lead to the formation of liquid. Lastly, an important key in studying Au thin
films on Si substrates system is the adhesion of the Au film to the Si substrate. Au does
not adhere well to a bare Si substrate and can delaminate off from the substrate.
Therefore, materials such as Cr, V, and Ti are commonly used as adhesion layers.
Addressing chemical reaction and adhesion issues by utilizing the intermediate layer and
diffusion barrier is essential in the studies of Au thin films.

Figure 3-2 SE SEM images of Au thin film on Si3N4/Si substrate before (left image) and
after (right image) annealing at 500°C. The red circle is the region where the Au thin film
and Si substrate are in contact. The final microstructure is the product of liquid formation
during annealing.
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CHAPTER 4. MORPHOLOGIES OF SURFACE DEFECTS

4.1

Introduction

Formation of surface defects as a result of film stress relaxation is known. The types of
surface defects include hillocks, whiskers, and sunken/raised grains. The morphology of
surface defects is different due to the mechanisms involved in their growth. This chapter
will categorize the different types of surface defects and discuss their morphologies.

4.2

Hillocks

Hillocks are surface defects that grow out of the film plane and in the film plane. The inplane growth occurs via grain boundary migration. Hillock formation is one mode of
stress relaxation. Hillocks were the dominant surface defects observed in this study.

4.3

Whiskers

Whiskers are surface defects that grow out of the film plane with relatively little change
in their diameters; no grain boundary migration takes place. They are the most studied
out of all the surface defects. Whisker formation is another mode of stress relaxation.
Whiskers come in many different shapes and sizes: oblique whiskers, kinked whiskers

11
and curved whiskers. The surface defect would be categorized as a whisker if the length
is over 100 micrometers as noted by JEDEC Solid State Technology Association [11].
Whiskers were not observed in this study.

4.4

Raised/Sunken Grains

Raised grains are grains elevated above the free surface. Sunken grains are grains that
sink under the free surface. Raised and sunken grains were observed in this study but
were not included in our results.
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CHAPTER 5. RELEVANT PREVIOUS STUDIES

5.1

Introduction

Thin film stresses come from many sources, one of which is generated by the difference
in CTEs between a thin film and its substrate. The change in temperature introduces
stress in the thin film. Specifically, during annealing thin films with higher CTE on
substrates with lower CTE will be under compressive stress upon heating. Stresses can
promote formation of surface defects such as hillocks, whiskers and raised/sunken grains
during annealing at a high homologous temperature. Moreover, when the film is being
held at a high homologous temperature, heat promotes atomic diffusion and thin film
stress relaxation (e.g., surface defect growth). The compressive and tensile stresses due to
heating and cooling from annealing experiments will drive the defect formation.

Understanding the 3-dimensional interactions of microstructures with the stress and
diffusion fields is needed without the assumptions of isotropy and global models of
driving forces. Au is a great candidate for thin film stress relaxation studies due to Au
properties being isotropic. Thus, the challenge of isotropy assumption will not be present
in the scope of this thesis.
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Microstructural changes accompanying thin film stress relaxation include grain growth,
grain boundary grooving, delamination, dewetting, and the formation of surface defects,
such as whiskers and hillocks. The primary observed microstructural changes
accompanying Au thin film stress relaxation that will be discussed here are surface defect
(specifically hillock) formation, hole formation, dewetting, twinning, and grain growth.

5.2

Surface Defect Formation

Two primary surface defects—whiskers and hillocks—formed on thin films.
Understanding the fundamental characteristics that distinguish hillocks from whiskers is
important. Whiskers have a long filament-like shape (high aspect ratio) and grow out of
the film plane with relatively constant diameter. Hillocks, on the other hand, have a
mound-like shape (low aspect ratio) and grow both out of and in the film plane with
increasing diameter, showing significant lateral grain boundary migration. Thus, the
presence of lateral grain boundary migration is what distinguishes a hillock from a
whisker. For Au thin films, hillock formation is common.

The basic mechanisms enabling hillock growth was proposed by P. Chaudhari [12].
Chaudhari proposed that atomic species diffuse along a columnar grain in the film, the
film-substrate interface, to the base of the hillock, where the grain boundaries connect the
base of the hillock to the rest of the film. Grain boundary sliding controls the incubation
period while the diffusion creep controls the kinetic of hillock growth. Thus, Chaudhari’s
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model has grain boundary sliding and diffusion creep as the dominant processes for
hillock growth.

The growth kinetics, i.e. the growth rate of hillocks, was investigated by W.B.
Pennebaker [13]. The relationship between hillock growth and stress relaxation in
sputtered Au thin films was established. Hillock growth was observed using the
conditions of annealing time up to 70 hours at 500°C – 578°C. Hillock formation was
present on 800 nm thick Au films with dimensions of ~3 m in diameters and 0.25 m in
height. Hillock density and growth varied in Au thin film samples. The general
characteristics of hillock growth rate are an initial fast and linear growth followed by
much slower growth.

Several factors that affect the hillock growth kinetics were studied. Film thickness is one
parameter that can be controlled to promotion of hillock formation. Au film thickness has
a strong effect on determining the film stress relaxation mechanism, and thus hillock
formation behavior. Sauter et al. [14] varied Au film thickness with silicon nitride as a
barrier on Si substrates. Stress relaxation and hillock formation behaviors were observed
for three thermal cycles from room temperature to 500C. No hillock formation took
place in columnar Au films with thickness less than 200 nm. However, with film
thicknesses that range between 300 nm – 2 m, hillock formation was present. Wafer
curvature technique was used to determine stresses in the Au films during thermal
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cycling. With constant film thickness, the biaxial stress as a function of temperature went
from tensile to compressive stress until the annealing temperature reached 500C. During
cooling, the stress reversed direction and went into the tensile regime. For the second
annealing cycle, the stress profile was similar. It should be noted that the magnitude of
the final biaxial stress was approximately the same as the starting and end points for the
second thermal cycle. Similarly, the stress-temperature curve shifted lower as the film
thickness increased; it became more compressive in magnitude. Sauter et al. concluded
that hillock density and diameter increased with increasing film thickness. Sauter et al.
suggested that the prediction of the overall evolution of hillock formation would be
possible if the relative diffusivities of the free surface and underlying interface were
considered.

With the understanding of the previous work on hillock formation in Au thin films,
specific parameters were used in experimentation in order to achieve hillock growth.
Also, the specific parameters had led to the understanding of processes that were
associated to hillock growth. The comprehension of the previous work on hillock
formation in Au thin films led to the further development of proposed growth models in
literature.
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5.3

Growth Models

Surface defects are formed from different metal thin films. With the extensive research
on different types of surface defects, many models were proposed to explain their growth
mechanisms. The insights from proposed models will lead to further understanding of the
microstructural evolution during stress relaxation in Au thin films. A few whisker and
hillock growth models will be discussed below.

Chason et al. [15] developed a kinetic model for the dependence of initial film stress on
film deposition rate, film microstructure and deposition temperature. During film growth,
grain boundary formation generates tensile stress and the insertion of atoms into the grain
boundaries generates compressive stress at the triple junction. During growth, there is an
increase in chemical potential at the free surface while there is a decrease in chemical
potential in the grain boundary due to the tensile stress. As a result, atoms diffuse from
the free surface to the grain boundary triple junction. Grain boundary formation and
atoms diffusing into the grain boundary were assumed to be competing kinetic processes.
The model predicts the tensile stress increases as grain size decreases with the
assumption that tensile stress is generated simultaneously as the grain boundary from at
the nth layer at time n (layer 1 at time 1, layer 2 at time 2, etc.). Thus, these values show
that stress depends on grain size and film growth rate. While Chason et al. uses a simple
model to understand the kinetics of stress evolution in thin films, the interactions of the
kinetic processes are not simple.
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Kovalenko et al. [16] utilized the dewetting mechanism to explain the formation of
hillocks during interrupted annealing of an Fe film on sapphire substrate with an
annealing temperature of 750C. They proposed a one-dimensional model of hillock
growth via diffusion along the film-substrate interface. Atoms diffuse from the free
surface to the substrate and migrate along the film-substrate interface. The accretion of
atoms at the base of the grain will cause the grain to rise from the film, leading to hillock
formation. The film/substrate interface is said to be the sink for the atoms and to be the
diffusion path. Hillocks are formed via diffusion through the grain boundaries two
dimensionally. These proposed models are ways to explain the formation of hillocks.

Sarobol et al. [17] provided a physics-based model for whisker and hillock growth from
surface grains. Localized Coble creep (diffusion creep that occurs along the grain
boundaries in a material), grain boundary sliding, oxide cracking and shear coupled grain
boundary migration are processes used to explain the growth of Sn whiskers and hillocks.
Assuming the grain located on the surface and has geometry of a symmetrical stepped
cone in a matrix of columnar grains in the film. The grain boundary is composed of
horizontal and vertical facets. The flux of atoms will accrete on the horizontal facets of
the grain boundaries, normal to the growth direction. Grain boundary sliding will occur
when the shear force (from accretion) along the vertical facet of the grain boundary is
large enough to surpass the grain boundary sliding friction. Grain boundary sliding
occurs in the direction parallel to the growth direction. This growth model is extended to
surface defects with complex morphologies that deal with asymmetrical stepped-cone
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geometries and the angle between radius and depth of the surface defect. When grain
boundary sliding and shear-induced grain boundary migration are coupled, hillocks are
formed. While this growth model has led to predictions of whisker and hillock formation
as a function of quantitative parameters (i.e., film stress and oxide layer thickness), the
systematic studies of different thin film material systems will lead to a more quantitative
method to test the fidelity of this proposed growth model.

The discussed growth models have provided the framework in understanding the
microstructure of thin film and how they respond to stress. In this thesis, the systematic
experiments with controlled parameters of annealing temperature and film thickness will
provide more insights into the microstructural evolution during stress relaxation of Au
thin films on Si substrate.

5.4

Hole Formation

In addition to hillock formation, hole formation on Au thin films was observed at high
annealing temperatures with the presence of Cu, Ni, Sn, In, V and Ti diffusion barrier
layers between the Au films and the Si substrates [18]. The annealing conditions used
were an annealing temperature of 500°C in air for 1 hour. With each barrier layers used,
an oxide layer formed on the free surface of the Au. Hole formation took place with the
substrate being exposed when Cu and Ni were used as barrier layers. Hillock formation
was observed when V and Ti were used as barrier layers. Hillocks that formed on the
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sample with the Ti barrier layer had larger height and were faceted, as compared to
hillocks formed using the V barrier layer. The compositions of the hillocks were
confirmed using scanning Auger analysis. Kim et al. concluded that compressive stress
promotes hillock formation and tensile stress promotes hole nucleation during annealing.
Hole formation is found in some Au thin films, but is not in the scope of the thesis.

5.5

Solid-state Dewetting

Solid – state dewetting is a process in which thin films dewet from the substrates to form
isolated islands. This is due to the minimization of the total energy of the film, the
substrate and the film – substrate interface. This minimization of the total energy could
be the driving force for stress relaxation mechanisms. Shaffir et al. observed formation of
hillocks, bubbles, voids, and finger-like structures on Au thin films on an Y2O3-doped
Zirconia (YSZ) substrate [19]. Samples were annealed to study the solid-state dewetting
process. It was seen that the dewetting process started at the interface of the metal film
and the oxide substrate instead of the free surface of the metal film. With a film thickness
of 200nm, hillocks with small facets were dispersed across the film after annealing times
ranging for 10 minutes for 55 hours. Shaffir et al. postulated that hillock formation was
the result of residual stress or preferential growth of oriented Au grains via anisotropic
surface energy and surface diffusion of Au during the dewetting process. Also, voids
were observed to form quickly and coalesced into pinholes at an annealing temperature of
700C. Shaffir et al. identified dewetting as a mechanism for void formation between
the thin film and substrate.
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Muller et al. [20] investigated the microstructural evolution during dewetting in Au thin
films. Au thin films with thicknesses ranging from 10-30 nm were thermally deposited
via high resolution sputter coater on Si substrates. Ex-situ annealing experiments were
carried out at 400C - 900C with annealing times of 10 minutes – 72 hours in air. The
microstructure of the film during the dewetting process as a function of time started with
the introduction of small and circular holes, hole coalescence into complex
configurations, and finally, the holes covered most of the thin film area. Moreover, the
remaining elongated structures would turn into islands. Electron back-scattered
diffraction measurements were performed to obtain the {111} texture of the Au thin film.
The texture strength increased during the dewetting process. Although the dewetting
process is associated with the minimization of surface energy, augmenting the texture is
not the major driving force for dewetting. Thus, texture optimization is not the dominant
path for reducing the overall energy of the system. Yet, the shape of the holes defined by
the in-plane texture of the grain at the border is due to surface energy minimization.

While solid – state dewetting is observed in Au thin films, dewetting was not observed in
this research.
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5.6

Twinning

Twinning is the process of twin boundary formation. Twin boundaries are special grain
boundaries that have atoms on one side of the boundary located in the mirror-image
positions of the atoms on the other side [4]. Annealing twins form as a result of
annealing. Mechanical twins form as a result of atomic displacement by mechanical shear
force. In certain thin films, twinning occurs as a stress relaxation mechanism.

Dehm et al. investigated twin systems formed by mechanical twinning in Au thin films
[21]. Au thin films were grown on a NaCl substrate at a temperature of 300C and cured
at 350C. The film thicknesses ranged from 40 nm – 160 nm. The Au films were not
further annealed. Dehm et al. obtained cross sectional TEM images and identified the
twin systems from mechanical twinning. It was found that twin density increased as a
function of time. A kinetics and thermodynamic – based model was proposed to support
the finding that film thickness influences twinning in thin Au films as a result of the
minimization of strain energy and interface energy.

Annealing twins in FCC materials were investigated by Palumbo et al. [22]]. It is known
that, in FCC metals, the annealing twin with  = 3 occurs readily in FCC materials that
have low stacking fault energies. The extent of 3 twin occurrence can be controlled by
sample thermomechanical treatment. Twin formation affects the coincidence site lattice
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(CSL) distribution by energetic influences and crystallographic constraints. Palumbo et
al. evaluated the ratio of special boundaries (low  boundaries) to annealing twins in a Ni

grain boundary population to quantify the twinning effects to the CSL distribution. As the
driving force for twinning decreases, the density of annealing twins increases. Also, the
corresponding CSL distribution shows higher occurrence of lower ’s. Although Ni was
the material used to investigate the 3 twins, this can be applied to Au, as these two
metals both have the FCC structure.

5.7

Grain Growth

Grain growth is one of the stress relaxation mechanisms for both isotropic and
anisotropic materials [24]. The driving force for grain growth is the reduction in total
energy when the grain boundary area decreases as a result of increased grain size. The
relationship between grain size and time during grain growth is:
d n − d 0n = Kt

[5]

where d0 is the initial grain diameter, and K and n are time – independent constants for
polycrystalline materials; n is typically 2 or 3 [4]. During annealing, other processes such
as grain rotation or grain boundary sliding may also accompany grain growth. Such
processes will be further discussed in this section.

Grain growth processes highly influence the grain size and texture of as-deposited films
and annealed films. Surface and interface energy minimization, as well as strain energy
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density minimization, can be achieved when thin films have specific crystallographic
orientations or texture. In thicker films, textures that allow strain energy minimization are
favored. Most of the Au films studied in literature were reported to have a {111} texture
[6, 24, 25]. The Au thin films in the scope of this thesis were also {111} textured films.
Secondary grain growth, as seen on Au thin films on SiO2 substrates, is responsible for
this commonly observed deposition texture [6]. The surface-energy-driven secondary
grain growth takes place at room temperature. The driving force, for surface-energydriven secondary grain growth, increases as a function of film thickness. Thus, this
process may take place in the early stages of film formation and is responsible for the
{111} deposition texture of Au. Surface energy can also drive grain rotation during
annealing. Harris et al. [23] used consecutive annealing experiments to study the rotation
of individual grains normal to the film. Random grains rotated in arbitrary directions and
the rate of rotation depended on the grain size due to diffusion – limited grain boundary
sliding.

5.8

Summary

The growth of hillocks in thin films, particularly in Au, has been extensively studied.
Experimental parameters such as an intermediate layer, film thickness and substrate
material have been varied in order to understand their effects on the growth of Au hillock.
Moreover, many models were proposed for the hillock growth mechanisms. However, the
evolution in hillock formation, density, morphology, and surface topography as well as in
Au film microstructure, have not been extensively investigated. The work in this thesis is
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a systematic study of the hillock evolution during annealing in Au thin films. The global
(large areas in the films) and local (individual hillocks) microstructural evolutions were
quantified for continuous and interrupted annealed films.
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CHAPTER 6. EXPERIMENTAL METHODS

6.1

Substrate Preparation

SixNY/Si wafers and SiO2/Si substrates were purchased from MTI Corp. and Ted Pella
Inc., respectively. SixNY and SiO2 serve as intermediate layers for adhesion and as a
diffusion barrier between the Au film and Si substrates. In order to cut the SixNY/Si
substrates, a protective layer is needed to preserve the integrity of the SixNY. Photoresist
was spin coated on top of the SixNY/Si substrates, using the Desk-Top Precision Spin
Coating System at 2500 revolutions per minute (rpm). Substrates were then diced using
the DISCO DAD into 10mm x10mm squares (with a thickness of 525 m). All substrates
were cleaned with a piranha solution to remove the photoresist protective layer and any
additional organic materials on the free surface of the SixNY and SiO2 films. Substrates
are subsequently cleaned with acetone, methanol and ethanol.

6.2

Au film Deposition

Au films were deposited via physical vapor deposition (PVD) by evaporation at 1
Å/minute using the Leybold Turbotronik NT20 system. In order to prevent contact
between Au and Si, a customized deposition was performed. Stainless steel masks, with
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inner dimension of 6mm x 6mm and outer dimension of 10mm x 10mm, were used in
order for Au to be deposited away from the edges of the substrates. These masks were
placed over the substrates during deposition. Au film thicknesses were monitored via
quartz crystal microbalance during deposition. 500nm thick Au films were deposited on
the SiO2/Si and SixNY/Si substrates.

6.3

Continuous and Interrupted Annealing

Annealing was performed in a tube furnace at the temperature of 500°C in forming gas at
90 standard cubic centimeter per minute (sccm). The furnace temperature stabilization
was performed for 1 hour prior to use. All samples were characterized before performing
continuous and interrupted annealing experiments. Samples were placed in a ceramic
boat and pushed into the hot zone of the furnace. When annealing cycles were completed,
the ceramic boat was pulled and taken out of the tube.

In continuous annealing, individual samples were left in the furnace for 1, 48 and 120
hours then taken out for characterization at the end. In interrupted annealing, one of
samples were left in the furnace for 24 hours for the first and second cycles, 48 hours for
the third cycle, and finally 24 hours for the fourth (last) cycle. This set of samples was
characterized after each annealing cycle. Sample characterization is described in the next
section.
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6.4

Microstructural Characterization

Surface defects, particularly hillocks, formed on Au films as a result of stress relaxation
associated with continuous annealing and interrupted annealing experiments. In order to
evaluate the microstructural evolution, areas containing hillocks and surface defects were
monitored over time after continuous and interrupted annealing experiments. In the
Au/SiO2/Si system, specific areas were tracked by using hillocks and bubbles as major
points of reference. In the Au/SixNY/Si system, specific areas were tracked by using the
edges of Au films as points of reference. Distances from the edges were measured to
track specific areas away from the edges. In the interrupted annealing studies, both Au
hillocks and bubbles, as well as film edges were used as references to find the same areas
of interests for characterization over the four cycles of annealing. No indentations or
other physical markings were made for tracking purposes.

Global and local crystallographic orientations of the Au thin films were determined using
Electron Back-Scattered Diffraction (EBSD). Topographical properties of surface defects,
specifically hillocks, were determined using the Scanning Electron Microscope (SEM)
and Atomic Force Microscopy (AFM). Nanoscope Analysis software was used to
quantify changes in hillock size (diameter, height, and volume) and frequency as a
function of annealing time. ImageJ software was also used in conjunction with the
Nanoscope Analysis software to quantify changes in hillock surface area. Furthermore,
grain structures of Au thin films and hillocks were examined using the Focused Ion Beam
(FIB) Microscopy cross-section.
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6.4.1

Crystallographic Orientation and Texture Determination using EBSD

Micro texture analysis via EBSD was performed on Au/SiO2/Si system samples. Patterns
were collected and indexed using the TSL OIM Data Collection software package,
version 6.1.3, to create orientation maps of 20 µm x 20 µm using a square grid with a
0.10 µm step size. The EBSD orientation maps were analyzed using the TSL OIM
Analysis software package, version 6.1. Grain boundaries and texture were determined.
The TSL OIM Analysis software was used to create all orientation maps. All orientation
maps were partitioned with confidence index (CI) of 1.0 and larger. The orientation maps
were not ‘cleaned’. Twin boundaries were found using the grain boundary quick map
option. For texture calculation, a discrete binning model was used, assuming triclinic
sample symmetry, with 5° Gaussian smoothing. Harmonic Series expansion with series
rank of 21 was used. The film primary texture and texture strength in the form of multiple
of a random distribution (MRD) were determined. MRD is the measurement of the
texture of a specimen measured over all orientation space. It is found by dividing the
sample volume fraction at a particular orientation by the volume fraction of a random
sample that is at that same orientation. Thus, a sample with truly random grain orientation
(random texture) has an MRD of 1.
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6.4.2

Topographical Properties Determination using AFM

The distributions of hillock volume, hillock height and surface defect density were
measured in order to understand the relationship between annealing time and
representative hillock characteristics. Surface defect density accounted for both the large
hillocks with large diameter to height ratio and the small “stubbles” with diameter to
hight ratio of ~1. In some experiments, hillock density was determined separately in
addition to the surface defect density. All AFM scans were 100m x 100m. Highresolution scans were obtained using the scan rate of 0.200 Hertz (Hz) with 1024 samples
per line. Amplitude setpoint, proportional gain and integral gains were set in order to get
trace and retrace lines aligned. Using NanoScope Analysis, all scans were plane fitted
and flattened in order to correct for tilt and height from the middle of the scans. The large
scan (100m x 100m scans that include the individual surface defect) was magnified in
the areas around the studied hillocks with a constant perimeter to obtain information on
individual hillocks. Individual hillock volume was obtained using the bearing analysis
option. Individual hillock height was obtained using the step function.

Surface area was obtained using a combination of functions in NanoScope Analysis and
ImageJ softwares, as seen in Figure 6-1. Using the roughness option on the NanoScope
Analysis, the ten individual hillocks were zoomed into ~ 5m x 5m area from the
100m x 100m tracked areas. The projected surface area and surface area were recorded.
The projected surface area is the 2D bird-eye-viewed zoomed-in area of ~25 m2 (the
highlighted area) and the surface area is the 3D topographical area including the
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roughness of the hillock over the projected 25 m2 area. Using ImageJ, the 2D bird-eyeviewed or the projected area of the hillock was obtained. The total surface area of the
hillocks were then obtained by taking the total surface area from Nanoscope, subtracting
total projected area from Nanoscope, and then adding the projected area of the hillock
from ImageJ.

Rate of change in surface area and volume after the first anneal were assumed to start
from time zero with an initial surface area of 0.697 m2. The rate of change in surface
area and volume for the second, third and fourth anneal were calculated with the
differences of the acquired surface area and volume from the previous anneal.
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Figure 6-1 Schematic representative of the algorithm to obtain the total surface area of a
hillock.
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CHAPTER 7. RESULTS

7.1

Continuous Annealed Au/SiO2/Si System

Microstructural changes in 500nm thick Au films on 200nm thermal SiO2 on Si were
examined. Crystallographic orientations were tracked before and after annealing, using
EBSD. Morphology of hillocks was tracked, using SEM, AFM, and FIB cross-sections.
Individual samples were continuously annealed at 500°C in forming gas for the duration
of 1 hour.

Small, pre-existing surface defects with diameter to height ratio of ~1 are present on asdeposited Au films. As-deposited Au films have {111} texture with respect to the sample
normal with a multiple of random distribution (MRD) of 14. After one hour anneal,
significant grain growth occurred. The {111}-film texture with respect to the sample
normal did not change but the MRD increased to 19. Figures 7-1 and 7-2 consist of the
grain boundary, orientation maps, and texture plots of the Au film.
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Figure 7-1 EBSD grain boundary and orientation maps of the Au film from the
Au/SiO2/Si system in the normal direction and X1 direction showing grain growth due to
annealing. The Au film texture with respect to the sample normal was (111) before and
after annealing at 500°C for 1hour.
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Figure 7-2 EBSD analysis of the Au film from the Au/SiO2/Si system shows an MRD
(multiple random distribution) increase in the {111} direction. This indicates that grain
growth is preferentially occurring in the {111} direction.
Pre-existing surface defects that were observed on as-deposited films evolved during
annealing. Large hillocks grew out of the film plane and they appeared to be
polycrystalline as seen in Figure 7-3. In addition, sunken grains were observed. Local
EBSD analysis around the hillocks confirmed that hillocks were polycrystalline. 3 twin
boundaries (assuming the grain boundary planes normal to the film top surface) were
found throughout the film microstructure and within the polycrystalline hillocks. This is
seen in Figure 7-4.
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Figure 7-3 SE SEM images before and after annealing the Au film from the Au/SiO2/Si
system at 500°C for 1h. Preexisting surface defects were observed on as-deposited films.
These surface defects evolved during annealing. Top right image showed a sunken grain
and a polycrystalline surface defect that grew out of the film plane.

Figure 7-4 Local EBSD grain orientation map and grain boundary map of the Au film
from the Au/SiO2/Si system focused on the hillock grown out of the plane in Figure 7-2.
The grain boundary map shows 3 twin boundaries (red) and high angle boundaries
(black).
The film FIB cross-sections were examined as seen in Figure 7-5. Ion channeling contrast
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revealed that grain structures of the Au thin film away from and around hillocks consisted
of columnar grains, twin boundaries and irregular shaped grains. FIB cross-section of the
hillocks showed that they were polycrystalline with twin boundaries and irregular shaped
grains. It was possible that the collection of columnar (and twinned) grains grew together
and extended beyond the film top surface.

Figure 7-5 FIB cross-sections of Au thin film from the Au/SiO2/Si system annealed at
500°C for 1 hour. Grain structure of film is shown on the left image. Grain structure of
hillock is shown on the right image.
SiO2 served as a diffusion barrier between the Au thin film and the Si substrate,
preventing Si – Au direct contact and subsequently mitigated Si dislodgement as well as
Si diffusion to the free surface. However, SiO2 did not serve well as an adhesion layer.
This presented a serious Au film delamination issue in the event of longer continuous
annealing time and interrupted annealing cycles, in which the samples would undergo
large thermal stresses due to CTE mismatch upon heating from room temperature to
500°C and cooling back down to room temperature. In order to solve this issue, a 200 nm
thick Silicon nitride (Si3N4) adhesion/diffusion layer on a Si substrate was used.
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7.2

Continuous Annealed Au/Si3N4/Si system

Additional continuous annealing experiments of Au/Si3N4/Si for 48 hours and 120 hours
at 500°C in forming gas showed continued film structure and hillock evolution.
Dewetting was not observed throughout the annealing cycles. Film surface heterogeneity
enabled tracking specific areas of interest and individual hillocks over time during
interrupted annealing experiments. The effects of multiple heating and cooling cycles on
microstructure development were analyzed. Finally, the microstructures obtained from
the continuous annealing experiments were compared with those from interrupted
annealing experiments.

In the continuous annealing experiments, Au films were tracked in the same areas before
and after annealing. Small, pre-existing surface defects with diameter to height ratio of
~1 were present on as-deposited Au films. After 48 hours of annealing, significant grain
growth occurred. Large hillocks nucleated and/or evolved. Hillocks were polycrystalline
and grew out of the film plane. Some pre-existing surface defects maintained similar
features/topography from before to after annealing. Likewise, after 120 hours of
annealing, grain growth, nucleation and evolved hillocks were observed. In addition, preexisting small surface defects also remained. This is seen in figure 7.6. In summary, film
and hillock microstructure evolution as a function of time in continuous annealing
samples was not extensive.
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Figure 7-6 SE SEM images of the Au film from the Au/Si3N4/Si system before and after
continuous annealing at 500°C in forming gas. Red dashed circles indicate
microstructures present before and after annealing in the same area of the Au thin film.
After the 48 and 120 hour continuous anneals, the total surface defect areas of all hillocks
and the hillock densities were measured as a function of annealing time. The topological
evolutions of four large area scans of 100 µm x 100 µm were observed using SE SEM
and AFM. Figure 7-7 shows the hillock densities for the 48 and 120 hour continuous
anneals ranged from 7400 – 10000 # / mm2 and 20000 – 43500 #/ mm2, respectively. The
surface hillock densities for the 120 hour continuous anneal were much larger than those
for the 48 hour continuous anneal. A linear regression (hillock density as a function of
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annealing time) showed an R-squared value of 0.702 and the slope (rate of change in
hillock density) is 230 #/mm2/hour as seen in Figure 7-7 and 7-8. Similarly, the total
defect surface areas for the 120 hour continuous anneal were larger than those for the 48
hour continuous anneal.

Figure 7-7 The relationship of hillock density measured using AFM area scans during
continuous annealing experiments as a function of annealing time at a temperature of
500°C in forming gas. Blue data are results from all interrupted annealing cycles. Red
data are results that exclude the outlier.
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Figure 7-8. The relationship of hillock density measured using AFM area scans in the Au
film from the Au/Si3N4/Si system during continuous annealing as a function of annealing
time at a temperature of 500°C in forming gas.

7.3

Interrupted Annealed Au/Si3N4/Si system

Interrupted annealing utilizes the CTE mismatch between the Au films and the Si
substrates to generate compressive stress from each of the heating and tensile stress from
each of the cooling cycles. Observing the changes in hillocks and thin film
microstructures from interrupted annealing experiments and comparing them to those
from the continuous annealing experiments will give more insights into how the Au films
relax, as well as how the thermal cycling affects the relaxation.
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An interrupted annealing experiment was conducted on Au/Si3N4/Si system at 500°C in
forming gas. The first and second interrupted anneals were held for 24 hours. The third
anneal was held for 48 hours and the last interrupted annealing was held for 24 hours. In
order to establish the topological evolution of the film microstructure, as well as that of
ten individual hillocks, characterization using AFM and SEM was performed.

The evolution in height, surface area, and volume of ten individual hillocks was
measured as a function of annealing time as seen in Figure 7-9, 7-10 and 7-11. The height,
surface area, and volume increased between the first and second anneal, decreased after
the third anneal and increased again after the fourth (last) anneal. The decrease in height,
surface area and volume of all ten hillocks after the third anneal, which was also the
longest annealing time, suggested other stress relaxation mechanisms besides hillock
growth must have occurred. While the growth of existing hillocks took place (as seen by
the trends in the hillock height, surface area, and volume), other stress relaxation
mechanisms may be operating.

The topological evolutions of ten individual hillocks as a function of annealing time was
observed using SE SEM. Some hillocks became less faceted with increased annealing
time. Other hillocks had little topographical change, while local microstructure around
them had evolved. The topological evolution of ten individual hillocks as a function of
annealing time is described in the following section.
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Figure 7-9. The relationship of individual hillock height in the Au film from the
Au/Si3N4/Si system during interrupted annealing experiments as a function of annealing
time at a temperature of 500°C in forming gas.
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Figure 7-10. The relationship of individual hillock surface area in the Au film from the
Au/Si3N4/Si system during interrupted annealing experiments as a function of annealing
time at a temperature of 500°C in forming gas.
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Figure 7-11. The relationship of individual hillock volume in the Au film from the
Au/Si3N4/Si system during interrupted annealing experiments as a function of annealing
time at a temperature of 500°C in forming gas.
7.3.1

Local microstructural evolution of individually tracked hillocks

In this section, the topological properties of ten individual hillocks as a function of
annealing time are described.

7.3.1.1 Hillock A

After the first anneal, hillock A was very faceted, as seen in Figure 7-12. There was a
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feature on the hillock that exhibited a similar shape to those of the pre-existing surface
defects on as-deposited Au thin film before annealing. The hillock has many facets at
different heights. Surface defects with diameter to height ratio of ~1 were observed
around hillock A. After the second anneal, hillock A became less faceted. The hillock
volume increased from 520µm3 to 966µm3 and height increased from 5.8µm to 14.5µm.
Pre-existing surface defects around hillock A have evolved and new surface defects
nucleated. After the third anneal, the facets on hillock A disappeared; it has ‘rounded out’.
Moreover, a sharp protruding feature appeared on the hillock. The hillock volume
decreased to 872µm3 and height decreased to 12.5µm. In addition, most of the surface
defects around hillock A disappeared. After the fourth anneal, the hillock has rounded out
more. The hillock volume increased to 1080µm3. The hillock height increased to 12.7µm.
Pre-existing surface defects around hillock A have evolved and new surface defects
nucleated.
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Figure 7-12. SEM micrographs of hillock A after interrupted annealing cycles at 500°C
in forming gas. 1st, 2nd, and 4th anneal cycles had an annealing time of 24 hours. 3rd
anneal anneal cycles had an annealing time of 48 hours.

7.3.1.2 Hillock B

Hillock B grew out of the film plane as seen in Figure 7-13. Hillock B is faceted, with the
largest facet on top surface, nearly parallel to the film top surface. A feature on the
hillock appeared to be similar in characteristics, having diameter to height ratio of ~1, to
pre-existing surface defects on as-deposited film before annealing. There were surface
defects present around hillock B. After the second anneal, there was little topological
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change on hillock B. The hillock volume increased from 233µm3 to 257µm3 and height
increased from 1.6µm to 2.0µm. Pre-existing surface defects around hillock B evolved
and new surface defects also nucleated. A neighboring grain above hillock B appeared to
have slight surface uplift out of the film plane. After the third anneal, hillock B became
less faceted. The hillock height and volume were not recorded. The neighboring grain
above the hillock B became a hillock with growth out of the film plane and in the film
plane. In fact, the neighboring hillock grew into hillock B. Other surface defects around
hillock B disappeared. After the fourth anneal, hillock B became less faceted and the
neighboring hillock grew further in the film plane, extending further into hillock B.
Hillock B volume was measured to be 324µm3 and height was measured to be 2.5µm.
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Figure 7-13. SEM micrographs of hillock B after interrupted annealing cycles at 500°C in
forming gas. 1st, 2nd, and 4th anneal cycles had an annealing time of 24 hours. 3rd anneal
anneal cycles had an annealing time of 48 hours.

7.3.1.3 Hillock C

Hillock C was polycrystalline with facets, as shown in Figure 7-14. The facets were large
and nearly parallel. The hillock also contained several twins. There were two small
features on the hillock that were similar to the pre-existing surface defects, with diameter
to height ratio of ~1, on as-deposited film before annealing. After the second anneal, the
hillock has evolved with the top right facet growing into both the bottom left and right
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facets. Pre-existing surface defects around hillock C evolved and new surface defects also
nucleated. The hillock volume increased from 434µm3 to 450µm3 and height increased
from 7.2µm to 8.8µm. After the third anneal, hillock C became much less faceted; it has
‘rounded out’. Unlike other hillocks after the third anneal, hillock C volume increased to
470 µm3. However, the hillock height decreased to 7.7µm. Thus, hillock C gained
substantial growth in the film plane. The surface defects around hillock C disappeared.
After the fourth anneal, hillock C appeared to have three main regions, separated by grain
boundaries, with height difference. The hillock volume increased to 600µm3 and height
increased to 9.9µm. The surface defects around hillock C have evolved and new ones
nucleated.
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Figure 7-14. SEM micrographs of hillock C after interrupted annealing cycles at 500°C in
forming gas. 1st, 2nd, and 4th anneal cycles had an annealing time of 24 hours. 3rd anneal
anneal cycles had an annealing time of 48 hours.

7.3.1.4 Hillock D

Similarly, hillock D was also polycrystalline and highly faceted, as seen in Figure 7-15.
After the second anneal, hillock D appeared to have grown larger while maintaining its
faceted structure. The hillock volume increased from 232µm3 to 459µm3 and height
increased from 3.7µm to 7.8µm. Pre-existing surface defects around hillock D evolved
and new surface defects also nucleated. After the third anneal, hillock D became less
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faceted. Facets that were present after the second anneal smoothed out after the third
anneal. The hillock volume decreased to 441µm3 and height decreased to 6.6µm. Surface
defects around hillock C disappeared. After the fourth anneal, hillock D continue to be
less faceted/more rounded out. A terrace appeared as part of hillock D base, suggesting
growth at the bottom of the hillock both in and out of the film plane. The hillock volume
increased to 813µm3 and height increased to 13.1µm. Surface defects around hillock D
have evolved and new ones nucleated.

Figure 7-15. SEM micrographs of hillock D after interrupted annealing cycles at 500°C
in forming gas. 1st, 2nd, and 4th anneal cycles had an annealing time of 24 hours. 3rd
anneal anneal cycles had an annealing time of 48 hours.
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7.3.1.5 Hillock E

Hillock E was polycrystalline and faceted, as shown in Figure 7-16. The top surface of
the hillock was the largest facet and appeared nearly parallel to the film top surface. A
feature on the hillock appeared to be similar in characteristics, having diameter to height
ratio of ~1, to pre-existing surface defects on as-deposited film before annealing. After
the second anneal, there was little topological change. Pre-existing surface defects around
hillock E evolved and new surface defects also nucleated. The hillock volume increased
from 319µm3 to 346µm3 and height increased from 3.7µm to 4.3µm. After the third
anneal, hillock E became less faceted/more rounded off, in similar manner to the other
hillocks. Surface defects around hillock E disappeared. The hillock volume decreased to
314µm3 and height decreased to 3.4µm. Moreover, the pre-existing feature on the hillock
facet disappeared as well. After the fourth anneal, hillock E became much less faceted.
The hillock volume increased to 352µm3 and height increased to 5.2µm. Surface defects
around hillock E have evolved and nucleated.
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Figure 7-16. SEM micrographs of hillock E after interrupted annealing cycles at 500°C in
forming gas. 1st, 2nd, and 4th anneal cycles had an annealing time of 24 hours. 3rd anneal
anneal cycles had an annealing time of 48 hours.

7.3.1.6 Hillock F

Hillock F was polycrystalline and faceted, as shown in Figure 7-17. The top surface of
the hillock was composed of large facets, all of which appeared nearly parallel to the film
top surface. A feature on the hillock appeared to be similar in characteristics, having
diameter to height ratio of ~1, to pre-existing surface defects on as-deposited film before
annealing. The hillock volume was 210 µm3 and height was 2.9 µm. After the second
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anneal, there was little topographical change to hillock F. Pre-existing surface defects
around hillock E evolved and new surface defects also nucleated. The hillock volume
increased to 224 µm3 and height increased to 3.1 µm. After the third anneal, hillock F
became less faceted. The top facets oriented nearly parallel to the film top surface
partially disappeared as the hillock became less faceted/more rounded off, with
associated hillock volume decreased to 216 µm3 and height decreased to 3.0 µm. Surface
defects around hillock F disappeared. After the fourth anneal, very little change occurred,
where hillock volume increased to 218 µm3 and height increased to 3.1 µm. Surface
defects around hillock F have nucleated and evolved.
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Figure 7-17. SEM micrographs of hillock F after interrupted annealing cycles at 500°C in
forming gas. 1st, 2nd, and 4th anneal cycles had an annealing time of 24 hours. 3rd anneal
anneal cycles had an annealing time of 48 hours.

7.3.1.7 Hillock G

Hillock G was polycrystalline and faceted shown in Figure 7-18. The top surface of the
hillock revealed a facet that appeared nearly parallel to the film top surface. A feature on
that facet of the hillock appeared to be similar in characteristics, having diameter to
height ratio of ~1, to pre-existing surface defects on as-deposited film before annealing.
The hillock volume was 229µm3 and height was 2.1µm. After the second anneal, there is
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little topographical changes to hillock G. The hillock volume increased to 307µm3. The
hillock height is 3.0µm. Pre-existing surface defects around hillock G evolved and new
surface defects also nucleated. After the third anneal, hillock G became less faceted. The
hillock volume decreased to 276µm3 and height decreased to 2.7µm. Surface defects
around hillock G disappeared. After the fourth anneal, hillock G grew extensively both in
and out of the plane of the film, extending into many neighboring grains. The hillock
volume increased to 757µm3 and height increased nearly 3 times to 8.5µm. Surface
defects around hillock G have nucleated and evolved.
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Figure 7-18. . SEM micrographs of hillock G after interrupted annealing cycles at 500°C
in forming gas. 1st, 2nd, and 4th anneal cycles had an annealing time of 24 hours. 3rd
anneal anneal cycles had an annealing time of 48 hours.

7.3.1.8 Hillock H

Hillock H was polycrystalline and faceted as seen in Figure 7-19. A portion of the hillock
consisted of flat facets with one of the two largest facets oriented nearly parallel to the
film top surface. The other portion contained another large facet sloping down towards
the film top surface with features that appeared to have similar characteristics, with
diameter to height ratio of ~1, to pre-existing surface defects on the as-deposited film
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before annealing. The hillock volume was 265µm3 and height was 2.7µm. After the
second anneal, little topological change occurred. Pre-existing surface defects around
hillock H evolved and new surface defects also nucleated. The hillock volume increased
to 288µm3 and height increased to 3.6µm. After the third anneal, hillock H dramatically
changed, becoming less faceted. The decrease in area of the top facet, oriented nearly
parallel to the film top surface, was significant. Moreover, twins and features on the other
large sloping facet disappeared. The hillock volume decreased to 236µm3 and height
decreased to 2.4µm. Some local surface defects seen after the second anneal had
disappeared after the third anneal. After the fourth anneal, hillock H maintains its
morphology from after the third anneal. Local surface defects evolved and nucleated. The
hillock volume increased to 263µm3 whereas height remained to be 2.4µm. This
suggested growth in the film plane to account for volume increase while maintaining
height.
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Figure 7-19. SEM micrographs of hillock H after interrupted annealing cycles at 500°C
in forming gas. 1st, 2nd, and 4th anneal cycles had an annealing time of 24 hours. 3rd
anneal anneal cycles had an annealing time of 48 hours.

7.3.1.9 Hillock I

Hillock I was polycrystalline and faceted, as seen in Figure 7-20. The view of the hillock
top surface revealed two facets that appeared similar in height and oriented nearly
parallel to the film top surface. A feature on the large top facet of the hillock appeared to
have similar characteristics, with diameter to height ratio of ~1, to pre-existing surface
defects on as-deposited film before annealing. The hillock volume was 266µm3 and
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height was 2.0µm. After the second anneal, drastic changes in morphology occurred,
where the hillock grew in the film plane. Extensive grain boundary migration of the
hillock led to incorporation of the smallsurface defect that was near hillock I in the first
anneal, as part of the growing hillock. The large top facet remained. The hillock volume
increased to 480µm3 and height increased to 3.8µm. Surface defects around hillock I
have evolved and nucleated. After the third anneal, hillock I became much less
faceted/more rounded off, while the majority of the large top facet still remained. Surface
defects around hillock I disappeared. The hillock volume increased to 484µm3 and height
decreased to 3.3µm. After the fourth anneal, little topological change has occurred. Local
surface defects have evolved and nucleated. The hillock volume increased to 550µm3 and
height increased to 3.8µm.
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Figure 7-20. SEM micrographs of hillock I after interrupted annealing cycles at 500°C in
forming gas. 1st, 2nd, and 4th anneal cycles had an annealing time of 24 hours. 3rd anneal
anneal cycles had an annealing time of 48 hours.

7.3.1.10 Hillock J

Hillock J was polycrystalline and highly faceted, as shown in Figure 7-21. Hillock J
morphology resembled that of a flat top pyramid, containing four large side facets that
sloped and joined at the four corners of the top facet. Surface features on the top facet
resembled those of the film. The hillock volume was 539µm3 and height was 4.9µm.
There were surface defects around hillock J. After the second anneal, hillock J shape
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remained relatively unchanged. Pre-existing surface defects around hillock J evolved and
new surface defects also nucleated. The hillock volume increased to 619µm3 and height
increased to 7.0µm. After the third anneal, the change in hillock J morphology was
apparent; hillock J became less faceted. The areas of the four side facets diminished, and
all of the facets appeared to be smoothed and rounded out in general. Additionally, the
top facet on the hillock that had the surface roughness similar to the film was no longer
present. The surface defects around hillock J also disappeared. The hillock volume
decreased to 598µm3 and hillock height decreased to 5.7µm. After the fourth anneal, the
morphology of the hillock was similar to that after the third anneal. Surface defects
around hillock J have evolved and nucleated. The hillock volume has increased to
675µm3. The hillock height increased slightly to 5.9µm.
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Figure 7-21. SEM micrographs of hillock J after interrupted annealing cycles at 500°C in
forming gas. 1st, 2nd, and 4th anneal cycles had an annealing time of 24 hours. 3rd anneal
anneal cycles had an annealing time of 48 hours.
7.3.2

Summary

In summary, there are general trends in microstructural properties of hillocks throughout
four annealing cycles. For the first anneal, all results were recorded and provided the
baseline for comparison with the other anneals. From the first to second anneal, the
height, surface area, and volume all increased for all tracked hillocks. Small surface
defects around the tracked hillocks had evolved and nucleated. After the third anneal,
hillock height, surface area, and volume either remained the same or decreased. Surface
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defects around tracked hillocks disappeared. After the last anneal, height, surface area,
and volume once again increased. Surface defects around the tracked hillocks have
evolved and nucleated. Throughout the four annealing cycles, most of the hillocks
became less faceted/more rounded off. The trends for hillock heights, surface area, and
volume as a function of total annealing time were similar for all 10 individually tracked
hillocks.

It was interesting to find hillocks shrinking (with decreased height, surface area, and
volume) during the third anneal because it was expected that hillocks would grow over
the entire four cycles of anneals, following a general trend of increasing hillock height,
surface area, and volume. Rates of change in both hillock surface area and volume as a
function of time also exhibited a similar trend as seen in Figure 7-22 and 7-23; the rate of
change in surface area as a function of annealing time increased from the first anneal to
second anneal, decreased slightly from the second anneal to the third anneal, and finally
increased again from the third to fourth anneal. Also, the rate of change in surface area
after the third anneal had a smaller range as compared to the other three anneals.
Likewise, the trend was seen for the rate of change in volume as a function of time. The
similar trends in the both rates of hillock surface area and volume change over the
annealing time suggested that dominant stress relaxation mechanism changed from
surface defect formation to some other mechanism requiring atomic transport (removal of
materials from surface defects). It should be noted that the third anneal differed from the
other three anneals because the annealing time of 48 hours was used instead of 24 hours.
With drastic changes in surface topography, decrease in hillock height, volume, and
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surface area, and the sudden drop in the rates of change in hillock surface area and
volume, other stress relaxation mechanisms became dominant. Possible explanations will
be examined in the Discussion section.

Figure 7-22. The relationship of rate of change in individual hillock surface area during
interrupted annealing experiments as a function of annealing time at a temperature of
500°C in forming gas.
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Figure 7-23. The relationship of rate of change in individual hillock volume during
interrupted annealing experiments as a function of annealing time at a temperature of
500°C in forming gas.
7.3.3

Global microstructural evolution of large (100 µm x 100 µm) tracked areas

Large area scans, each with the size of 100 µm x100 µm, were also made using the AFM.
The relationship between the global defect density and total surface defect area of all
hillocks in the large scans as a function of time for the 1st, 2nd, 3rd and 4th anneals were
observed.

Hillock densities in five large tracked areas were analyzed as a function of time. The total
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hillock surface area (sum of all hillocks, not including the small surface defects) on the
Au films before annealing was 0 per mm2 and 0 µm2, respectively. The hillock density
increased as annealing time increased as seen in Figure 7-24. It is important to note that
when the hillock density obtained from the third anneal was excluded, a linear regression
(hillock density as a function of annealing time) showed an R-squared value of 0.957 and
the slope (rate of change in hillock density) is 230 /mm2/hour. However, when the hillock
density obtained from the third anneal is included in the analysis, the R-squared value
decreases to 0.736 and the slope (rate of change in hillock density) is 210 /mm2/hour.
This is shown in Figures 7-24 and 7-25.

Figure 7-24. The relationship of hillock density measured using AFM area scans during
interrupted annealing experiments as a function of annealing time at a temperature of
500°C in forming gas.
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Figure 7-25. The relationship of hillock density measured using AFM area scans during
interrupted annealing experiments as a function of annealing time at a temperature of
500°C in forming gas. Blue data are results from all interrupted annealing cycles. Red
data are results that exclude the 3rd annealing cycle.
The total hillock areas (sum of all hillocks, not including the surface defects) in the large
scans were analyzed as a function of time. The starting total surface area was defined to
be 0 µm2. The total surface area of the hillocks increased after the first anneal, increased
after the second anneal, decreased slightly after the third anneal, and increased again after
the fourth anneal, as illustrated in Figure 7-26. A similar trend in the relationship between
the global total hillock area as a function of annealing time was also seen for local
individual hillock surface area as a function of annealing time, as previously discussed, as
shown in Figure 7-27.
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Figure 7-26. The relationship of total hillock surface area measured using AFM area
scans during interrupted annealing experiments as a function of annealing time at a
temperature of 500°C in forming gas.
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Figure 7-27. The relationship hillock densities during both continuous and interrupted
annealing experiments as a function of annealing time at a temperature of 500°C in
forming gas.
The rates of change of total surface defect area (from large scans) as a function of
annealing time were also evaluated, as seen in Figure 7-28. Between annealing time zero
and the first anneal (24 hours), the rate of change was fast, with the magnitude of 1.67 –
2.69 x 10-15 µm2/s. Between the first and the second anneal, the rate of change in total
surface defect areas was similar, with the magnitude of 1.06 – 2.86 x 10-15 µm2/s. From
the second to the third anneals, the rate of change in total surface defect areas was slower
and negative (decrease in surface area), with the magnitude of 5.50 – 6.97 x 10-16 µm2/s.
From the third to fourth anneal, the rate of change was again fast and positive, at the
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magnitude of 7.37 x 10-16 – 8.0 x 10-15 µm2/s. A similar trend was seen for the rate of
change in individual hillock surface area as a function of annealing time, suggesting that
similar stress relaxation mechanisms were operating globally in the large scale (100x100
µm tracked areas) and locally in the small scale (tracked hillocks).

Figure 7-28. The relationship of rate of change in total hillock surface area during
interrupted annealing experiments as a function of annealing time at a temperature of
500°C in forming gas.
7.4

Comparison of results from continuous and interrupted anneals

Comparison of results from continuous and interrupted annealing experiments can be
done because the following parameters were held constant: annealing temperature, total
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annealing time, film thickness, and substrate material. Film texture, surface topography
as well as hillock properties—height, surface area, volume, and density—from both types
of annealing experiments can be directly compared.

Both the continuously annealed sample and the interrupted annealed sample contained
small surface defects with diameter to height ratio of ~1 and large hillocks (bimodal
surface defect size) at the total annealing time of 48 hours. Comparing the images above,
it can be seen that the large hillocks in both the continuously annealed sample and the
interrupted annealed sample were similar in size. This was expected, because the
interrupted annealed sample went through two thermal cycles and, therefore, experienced
more thermal stresses (compressive stress upon heating and tensile stress upon cooling
with a magnitude around 418 MPa). These thermal stresses associated with thermal
cycling resulted in more hillock formation and growth in the interrupted annealed sample.

7.5

Summary

In summary, microstructural evolution exhibited common characteristics seen on the Au
films. Characteristics seen were overall film topography, surface defect and hillock
formation, texture, as well as hillock shape, and microstructure. These characteristics did
not change locally in a simple way, especially those in the interrupted annealing
experiments. The Au/Si3N4/Si films showed lower hillock densities in the continuous
annealing experiments as compared to the interrupted annealing experiments. Unlike
hillocks in the continuous annealing experiments, those in the interrupted annealing grew,
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then shrank, then grew again, in terms of height, surface area, and volume over the same
total annealing time of 96 hours (corresponding to the third interrupted anneal). The
discussion of microstructural evolution of Au hillocks and possible explanations will be
continued further in this thesis.
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CHAPTER 8. DISCUSSION/ANALYSIS

In the interrupted annealing experiments, the third anneal differed from the first, second
and fourth anneals because an annealing time of 48 hours was used instead of 24 hours.
With the observed dramatic changes in surface topography, decreased hillock height,
volume, and surface area and the drop in the rates of change in surface area and volume,
other processes other than hillock growth appear to be present.

Diffusion mechanisms are crucial in the contribution to hillock growth and shrinking. In
order to understand the growth and shrinkage in hillocks, consider the rates of change in
surface area and volume and compare them to Au self-lattice, surface and grain boundary
diffusivities. The calculated lattice diffusivities at room temperature and 500°C are 5.5 x
10-39 m2/s and 1.69 x 10-17 m2/s, respectively. The calculated grain boundary diffusivities
at room temperature and 500°C, using D0 value of 3.1 x 10-16 m3/s [7], are 4.1 x 10-31
m3/s and 5.7 10-23 m3/s, respectively. The reported surface diffusion for Au at 500°C is
1.2 x 10-14 m2/s [8]. Obtaining the diffusivities in Au will enable the identification of the
dominant diffusion path occurring during the heating and cooling experiments. The rate
of change in individual hillock surface area is in the order of magnitude of 10-16 to 10-19
m2/s. Similarly, the rates of change in hillock surface area on the large areas are also in
the order of magnitude of 10-16 to 10-19 m2/s. The rate of change in individual hillock
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volume is in the order of magnitude of 10-23 to 10-25 m3/s. The Au lattice diffusion at
500°C lies in the range of the rates of change in individual hillock surface area and total
hillocks surface areas. Similarly, the Au grain boundary diffusion lies in the range of the
rates of change in individual hillock volume. Thus, it is likely that a combination of
lattice and grain boundary diffusion mechanisms contributed to Au hillock formation and
growth. Surface diffusion was likely active and contributed to hillock formation and
growth as well.

Evidence that surface diffusion was likely active was observed; the small surface defects
with diameter to height ratio of ~1 and lower disappeared and the hillock surfaces
changed drastically. Unlike in the Au system, it should be noted that the surfaces of
whiskers and hillocks in Sn system do not change because Sn thin films have a native
oxide layer as a capping layer, making surface diffusion sluggish. It was observed that the
surface morphology of the Sn whiskers/hillocks remained the same throughout thermal
cycling [25]. During heating, Sn thin films undergo compressive stress. Coinciding with
the compressive stress during heating, the surface defect will grow out of the film plane.
Surface defect formation is a dominant mechanism to relax the stress the film is
experiencing during annealing. Upon cooling, a Sn thin film will end in a tensile state
once more. With the tensile stress, Sn whiskers appeared to have grown back into the
film [25], although the surface morphology of the Sn whisker/hillocks did not change. In
addition, Shin et al. showed that the removal of Sn oxide layer actually enhanced stress
relaxation of the Sn film on cantilever beam [26]. This was another experimental support
that showed active surface diffusion contribution in stress relaxation. During thermal
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cycling of the Au film, with the tensile stress associated with cooling, Au hillocks also
grew back into the film but with drastic surface morphology changes (became less
faceted/more rounded off). Unlike the Sn system, active surface diffusion in Au (no
native oxide or capping layer) may have enabled the drastic surface morphology changes
in the Au hillocks.

While there is an overall trend in increase of height, surface area, and volume as a
function of time, the third interrupted anneal is unlike the other three interrupted
annealing cycles. During the third interrupted anneal, hillocks became less faceted and
smaller surface defects disappeared. Surface diffusion must be active for the hillocks to
experience abrupt changes in surface morphology, as well as for the surface defect
disappearances. In addition, surface defect disappearances may be related to the different
film stress state associated with longer annealing time (48 hours) since this did not
happen during the other three interrupted anneal of shorter annealing time (24 hours).
The fact that the hillocks decrease in height, surface area, and volume, suggests that
process(es) must be occurring to have such a spread in hillock density. The local
trajectory varies with each tracked area and each tracked hillock. Due to the lack of
homogeneity, the hillocks must be influenced by the regions around them. To compensate
for the tensile stresses associated with cooling the Au film from 500°C down to room
temperature, atoms must be leaving the faceted hillocks and going back into the film with
the aid of surface diffusion as the surface becomes more rounded.
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There are differences in hillock density after the continuous annealing experiments and
interrupted annealing experiments due to the different stress states the each system had
undergone. The hillock nucleation rate (rate of change in hillock density) for the
continuous annealing experiments, excluding the outlier, was 220 /mm2/hour, while that
including the outlier was 290 /mm2/hour. For the interrupted annealing experiment,
excluding the 3rd interrupted anneal, the result was 230 /mm2/hour, while that including
the 3rd interrupted anneal result was 210 /mm2/hour. Therefore, the hillock nucleation rate
is larger for the interrupted annealing experiments than the continuous annealing
experiments if the 3rd interrupted anneal and the outliers are not included. However, this
is not the case when the 3rd interrupted anneal cycle and the outlier are included; the
hillock nucleation rate is larger for the continuous annealing experiments than the
interrupted annealing experiments. There is an importance of the outliers and the third
anneal cycle because it leads to the questions of the reproducibility of the processes that
occurred in the third anneal cycle and the amount of area needed to track in order to
observe extreme microstructures. Additionally, it is seen that total hillock density
increases even though individual tracked hillocks may stagnate in hillock height, surface
area and volume. More experiments would need to be conducted to safely come to a
deduction. On the other hand, when all values are accounted, the ranges of some
annealing cycles widen and some are narrow. This could indicate that things are changing
at a wider range at any given area. Regions may be more heterogeneous. The density of
the large hillocks was highly variable, even though a noticeable difference in density was
expected from the interrupted annealing sample.
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It was assumed that no discernable stress relaxation took place at room temperature after
film deposition before the annealing experiments. No hillock formation was seen during
holding at room temperature, as seen on the SEM. Upon heating, the Au film will be
under compressive stress. During the annealing time, the temperature is kept constant and,
as stress relaxation occurs, the stress in the Au film will approach zero. Upon cooling, the
Au film will be under tensile stress. Therefore, the interrupted annealed sample was
subjected to more stresses through the series of changes in stress states than for the
continuous anneals. This was weakly reflected in the hillock densities in the film as a
function of annealing time. The hillock densities from the interrupted annealing
experiments are marginally higher than those from the continuous annealing experiments.

Because only one sample was used for the interrupted annealing experiments, the sample
might have been subject to an anomaly. This would explain the unanticipated decrease in
hillock height, surface area, volume and total hillock surface area of large scans after the
third anneal, as well as the slightly negative rates of change in individual hillock surface
areas and volumes and the total hillock surface area of large scans. This might extend to
the continuous annealing samples as well. However, if the sample used for the interrupted
annealing experiments was not an merely subject to anomaly, a schematic of the
relationship between stress and annealing temperature can be used to rationalize the
possible explanation for decrease in surface defect density as well as hillock surface area
and volume occurring in the Au film.
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Based on the work by Klokholm [27] and Shin et al. [26], the following assumptions are
made for the proposed relationship between stress and annealing time: some stress
relaxation took place during room temperature holding times and the Au film starts in a
tensile stress state due to the intrinsic deposition stress associated with thermal deposition.
Upon heating, the system will go to a compressive stress state, with the magnitude of
stress increasing with increasing temperature. The stress may not continue to increase
linearly with increasing temperature due to plastic deformation associated with large
thermal stress induced for the temperature change from 25°C to 500°C. The annealing
temperature is constant at 500°C, shown as a straight line. During annealing, stress in the
Au film is reduced (relaxed), approaching zero when the annealing time is complete.
Upon cooling, the system will go to a tensile stress state, with the magnitude of stress
increasing with decreasing temperature until the system reaches room temperature. Again,
the tensile stress may not continue to increase linearly with decreasing temperature due to
plastic deformation associated with large cooling stress induced for the temperature
change from 500°C to 25°C. At room temperature, the system relaxes slightly into lower
tensile stress but did not go back to zero stress. The starting stress for the new cycle is
dependent on the final stress of the previous cycle. For repeated annealing cycles with the
same annealing time, this cycle would repeat with an approximately equivalent range in
relaxed stress during constant annealing temperature. The range in the relaxed stress
during constant annealing temperature would correlate with the annealing time. The third
anneal cycle would be different because of the longer annealing time of 48 hours.
Consequently, the range in the relaxed stress during constant annealing temperature
would be larger for the 48 hours hold than that for the 24 hour hold.
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A schematic of stress as a function of annealing temperatures were created. To emulate
the interrupted annealing cycle of the Au/Si3N4/Si system using the stress of the system
as a function of time, annealing cycles will be used to describe the different anneals, as
shown in Figure 8-1. For the first interrupted anneal, at a certain tensile stress state, the
stress will decrease from tensile to compressive as a function of temperature until the
system reaches the annealing temperature of 500°C. The relaxed stress, shown by the
vertical line, corresponds to the annealing time of 24 hours. Upon cooling, the stress will
increase back to a tensile stress until the system reaches room temperature. At room
temperature, stress relaxation will continue to occur. However, it would take a long
annealing time at room temperature for the system to return to the same stress state as
before annealing. Thus, for the second anneal, it will begin at the final stress state from
the first anneal. The second anneal will then repeat the same cycle as the first cycle. The
final tensile stress for the second anneal will be larger than the initial tensile stress of the
first anneal. The third anneal will follow a similar cycle. However, with the annealing
time of 48 hours, the range of stress will be larger as compared to the other three
annealing cycles. The fourth anneal will follow the same trail as the first two anneals. As
a result, the range of stress state from the third interrupted annealing allowed the system
to reach closer to a zero stress state as compared the ranges for the other cycles. The
longer anneal time leads to a higher tensile stress state at the end of the third anneal,
which is a possible explanation for the decrease in hillock height, hillock surface areas
and volumes and the disappearance of the surface defects. This decrease suggests that
other stress relaxation mechanisms were taking place other than surface defect
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(particularly hillock) formation. While Gall et al. [28] was able to observe hillock
formation and coarsening after cooling after high hold temperatures (T > 175°C) when
studying the creep of Au thin film on biomaterial Au/Si microcantilevers, the decrease in
hillock height, surface area and volume raises the question of what other stress relaxation
mechanisms were present.

Figure 8-1. Schematic stress versus temperature plots for the interrupted annealing cycle
of the Au/Si3N4/Si system. The black loop represents the 1st interrupted anneal cycle. The
green loop represents the 2nd interrupted anneal cycle. The red loop represents the 3rd
interrupted anneal cycle. The blue loop represents the 4th anneal cycle.
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Stress in the 48 hours continuous anneal as a function of annealing temperature will
follow the same profile for the 48-hour interrupted anneal. However, the 48 hour
continuous anneal stress curve is lower than the 48 hour interrupted anneal; the 48 hour
interrupted anneal would be closer to zero, as shown in Figure 8-2. Another possibility is
that the 48 hours annealing time would be sufficient time for the system to reach zero
stress state, as shown in Figure 8-3. Similarly, the 120 hour continuous anneal may have
sufficient time to reach the zero stress state, as seen in Figures 8-4 and 8-5. This
schematic relationship of the film stress as a function of temperature may explain the
decrease in hillock height, surface area and volume. Upon cooling, the film is pulled in
tension equivalently, or even in a higher tensile stress if the three anneal cycles (48 hour
interrupted anneal, 48 hour continuous anneal, 120 hour continuous anneal) reached zero
stress state. However, it was observed that the Au hillocks from the continuous anneals
are faceted / less rounded off as compared to the hillocks from the interrupted anneals.
Thus, future experiments are needed in order to confirm this possible explanation and
will be outlined in the Future Work section.
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Figure 8-2. Schematic stress versus temperature plots for the continuous annealing cycle
of the Au/Si3N4/Si system. The black loop represents the 48 hour continuous anneal cycle.
The red loop represents the 3rd interrupted anneal cycle.
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Figure 8-3. Schematic stress versus temperature plots for the continuous annealing cycle
of the Au/Si3N4/Si system. The black loop represents the 48 hour continuous anneal cycle.
The red loop represents the 3rd interrupted anneal cycle.
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Figure 8-4. Schematic stress versus temperature plots for the continuous annealing cycle
of the Au/Si3N4/Si system. The black loop represents the 120 hour continuous anneal
cycle. The red loop represents the 3rd interrupted anneal cycle.
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Figure 8-5. Schematic stress versus temperature plots for the continuous annealing cycle
of the Au/Si3N4/Si system. The black loop represents the 120 hour continuous anneal
cycle. The red loop represents the 3rd interrupted anneal cycle.
Another possible explanation for the decrease in height, surface area and volume of
individual hillocks is the formation of liquid during annealing. Liquid will form when Au
and Si are in contact at annealing temperatures higher than 363°C. The surface
roughnesses of the thin film after the 2nd and 3rd anneals were compared using the SEM
images. It was seen that the surface roughness changed and small surface defects that
were present after the 2nd anneal were no longer present after the 3rd anneal. The rounding
off of the hillocks gives more evidence to the speculation of liquid formation. Even
though SiO2 and Si3N4 were used as intermediate layers to prevent the contact of the thin
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film and substrate, there may be pinholes or voids that allow direct contact of Au with Si.
Another point to raise was that, if liquid formation did occur on this particular sample
during the 3rd anneal and cause these microstructural changes, liquid formation should
have occurred on the same sample during other anneal cycles or on other samples and
caused the similar microstructural changes as well. It was difficult to say if liquid
formation occurred or not. Lin et al. [29] observed a surface roughness decrease as a
function of annealing time in polycrystalline Au film on a glass substrate at 170°C, but
liquid formation was not observed in their study. Ergo, in order to clarify if liquid
formation was present in the annealing experiments, future experiments will be proposed
in the Future Work section.

The last discussion point dealt with the software used in analyzing topographical
properties. Using only one specific software package did not allow the full assessment of
the topological properties as a function of time. In the scope of this thesis, NanoScope
Analysis was the software used to examine the topological properties of the Au hillocks.
The hillock height, hillock volume and surface defect density were acquired from 100 m
x100 m scans and interpreted by NanoScope Analysis. However, in order to attain the
surface area of an individual hillock and hillocks from larger regions, the AFM software
was not reliable in obtaining the values due to inconsistent values from the Bearing
Analysis option and the Roughness option. In order to get values consistent to the other
topological properties, as well as surface morphology seen in the SE SEM images,
ImageJ was used along with values of the surface areas and projected surface areas from
the Roughness option from NanoScope Analysis. The combination of the software
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packages allowed more reliable data to be obtained from the AFM large area scans.
Moreover, the particle analysis function in the NanoScope software did not output data
on height and volume for the individual hillocks or “particles”; it only output the average
values of height and volume for all of the hillocks or “particles”. This strictly limited the
ability to manipulate data (eliminating outliers, imposing a size threshold, etc.) and made
analysis difficult. Thus it is important to be aware of the limitations of the software.

In order to understand whether surface diffusion was active during annealing, the rates of
change in hillock surface area and volume were compared to lattice, grain boundary and
surface diffusivities of Au. Surface diffusion and possible tensile/compressive stress
during thermal cycling were discussed in order to explain the decrease in height, surface
area, volume and density of hillocks observed from the 3rd interrupted anneal. Other
explanations were that the sample might be an anomaly and liquid formation may have
occurred during the third anneal.
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CHAPTER 9. CONCLUSIONS AND SUGGESTED FUTURE WORK

Global and local evolution in microstructures of Au thin films on Si during annealing
were studied. Large regions of the Au thin film and individual hillocks were tracked as a
function of time to determine the early, intermediate and late stages of microstructure for
continuous annealing and interrupted annealing experiments. Finally, possible
explanations for what processes occurred during the annealing cycles during stress
relaxation were proposed.

While this thesis provides framework of the investigation of microstructural evolution
during stress relaxation, future experiments must be performed in order to confirm the
proposed processes active during annealing.

9.1

Explanation of Hillock Shrinkage

In order to confirm the possible reasons for the abnormality in microstructures of the
third interrupted anneal cycle with 48 hours hold as compared to the other three
interrupted anneal cycles, additional experiments must be performed. For this particular
study, the interrupted annealing experiments of 4 cycles (1st, 2nd, and last anneal of 24
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hours and 3rd anneal of 48 hours) must be repeated in order to rule out that the sample
was not an anomaly. Furthermore, an interrupted annealing experiment with increased
anneal cycles having the pattern of 48 hour annealing time for every third cycle will
allow the determination of the true early, intermediate and late stages of microstructural
evolution. Simultaneously, in-situ monitoring of the in-plane biaxial stress and hillock
formation during annealing processes to observe growth and shrinkage should be
performed. The stress states of the Au films should be determined via wafer curvature
technique similar to Shin et al.’s study to confirm the proposed schematic of stresstemperature relationships. Continuous and interrupted annealing experiments for different
annealing times should be performed in order to further the understanding of changes in
the topological features as a function of time. It can be speculated that if an interrupted
annealing experiments of 4 cycles with annealing time of 24 hours, an interrupted
annealing experiments of 2 cycles with annealing time of 24 hours and a continuous
annealing experiment with an annealing time of 48 hours were to be conducted, it can be
hypothesized that the interrupted annealing experiment of 4 cycles will have an increase
in individual hillock height, surface area and volume as a function of time and the hillock
density of the interrupted annealing experiments will be larger as compared to the
continuous annealing experiment at annealing time of 48 hours. In addition, more
regions with larger areas should be sought out to get a better representation of the
microstructures of the overall Au thin film.
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9.2

Origin of Liquid Formation

In order to confirm the source of Au – Si contact that promotes liquid formation, crosssections using FIB before and after annealing experiments is needed. For this study,
cross-sectional cuts of the Au – Si systems should be performed in order to confirm the
existence of possible pinholes or voids in the intermediate layer. If pinholes or voids are
present, the liquid formation during the annealing experiments is confirmed. Thus,
finding different methods to deposit the intermediate layer or using another intermediate
layer is needed to inhibit Au – Si contact. On the other hand, the absence of pinholes or
voids will confirm that liquid formation did not occur. Moreover, a better option would
be to use in-situ SEM with heating stage to watch whether liquid formation occurs as the
sample is heated to 500°C.

92

LIST OF REFERENCES

92

LIST OF REFERENCES

1. Suresh, S.; Freund, L.B. Thin Film Materials: Stress, Defect Formation and Surface
Evolution; Cambridge University Press: Cambridge, United Kingdom, 2003.
2. Koonce, S.E.; Arnold, S.M. “Metal Whiskers,” Journal of Applied Physics, pp. 134135, 1953.
3. Nabarro, F.R. Jackson, P.J., “Growth and Perfection of Crystals,” in International
conference on Crystal Growth Cooperstown, NY. p.13, 1958.
4. Callister, W.D.; Rethwisch, D.G., Materials Science and Engineering; John Wiley &
Sons: Hoboken, New Jersey, 2011.
5. Teodosio, C., Elastic Model of Crystal Defects; Springer-Verlag, Berlin, 1982.
6. Wong, C.C.; Smith, H.I.; Thompson, C.V., “Surfaceenergydriven secondary grain
growth in thin Au films,” Applied Physics Letters, vol. 48, pp. 335-337, 1986.
7. Gottstein, G.; Shvindlerman, L.S., Grain Boundary Migration in Metals; CRC Press
LLC: Boca Raton, Florida, 1999.
8. Gobel, H.; von Blanckenhagen, P., “A study of surface diffusion on gold with an
atomic force microscope,” Surface Science, vol. 331, pp. 885-890, 1995.
9. Hiraki, A., “Low temperature reactions at Si-metal contacts—from SiO 2 growth due
to Si-Au reaction to the mechanism of suicide formation,” Japanese Journal of Applied
Physics, vol. 22, pp. 549-562, 1983.
10. Magee, T.J.; Peng, J., “Investigation of Solid-Solid Reactions of Au Films on Silicon,”
Physica Status Solidi, vol. 49, pp. 313-322, 1978.
11. JEDEC Solid State Technology Association. Measuring Whisker Growth on Tin and
Tin Alloy Surface Finishes. JESD22A121, Arlington, Virginia, 2005.
12. Chaudhari, P., “Hillock growth in thin films,” Journal of Applied Physics, vol. 44, pp.
4399-4346, 1974.

93
13. Pennebaker, W. B., “Hillock growth and Stress relief in Sputtered Au films,” Journal
of Applied Physics, vol. 40, pp. 394-400, 1969.
14. Sauter L.; Balk, T.J.; Dehm, G.; Nucci, J.A.; Arzt, E., “Hillock formation and thermal
stresses in thin Au films in Si substrates,” Materials Research Society Symposium
Proceedings, vol. 875, pp. 05.2.1-05.2.6, 2005.
15. Chason, E.; Shin, J. W.; Hearne, S. J.; Freund, L.B., “Kinetic model for dependence
of thin film stress on growth rate, temperature, and microstructure,” Journal of Applied
Physics, vol. 11, pp. 083520, 2012.
16. Kovalenko, O.; Greer, J.R.; Rabkin, E., “Solid-dewetting of thin iron films on
sapphire substrates controlled by grain boundary diffusion,” Acta Materialia, vol.61, pp.
3148-3156, 2013.
17. Sarobol P.; Blendell, J.E.; Handwerker, C.A., “Whisker and hillock growth via
coupled localized Coble creep, grain boundary sliding and shear induced grain boundary
migration,” Acta Materialia, vol. 61, pp. 1991-2003, 2013.
18. Kim, J.Y.; Hummel, R.E., “Hole and Hillock Formation in Gold Metallizations at
Elevated Temperatures Deposited on Titanium, Vanadium and Other Barrier Layers,”
Physica Status Solidi, vol. 122, pp. 255-273, 1990.
19. Shaffir, E.; Riess, I.; Kaplan, W.D., “The mechanism of initial de-wetting and
detachment of thin Au films on YSZ,” Acta Materialia, vol. 57, pp. 248-256, 2009.
20. Muller, C.M.; Spolenak, R., “Microstructure evolution during dewetting in thin Au
films,” Acta Materialia, vol. 58, pp. 6035-6045, 2010.
21. Dehm, G.; Oh, S.H.; Gruber, P.; Legros, M.; Fischer, F.D., “Strain compensation by
twinning in Au thin films: Experiment and model,” Acta Materilia, vol. 55, pp. 66596665, 2007.
22. Palumbo, G.; Aust, K.T.; Erb, U.; King, P.J.; Brennenstuhl, A.M.; Lichtenberger,
P.C., “On Annealing Twins and CSL Distributions in F.C.C. Polycrystals,” Physica
Status Solidi, vol. 131, pp. 425-428, 1992.
23. Harris, K.E.; Singh, V.V.: King, A.H., “Grain rotation in thin films of Gold,” Acta
Materialia, vol. 46, pp. 2623-2633, 1998.
24. Thompson, C.V.; Carel, R., “Stress and Grain Growth in Thin Films,” Journal of
Mechanical and Physical Solids, vol. 44, pp. 657-673, 1996.
25. Wang, Y.; Blendell, J.E.; Handwerker, C.A., “Evolution of tin whiskers and subsiding
grains in thermal cycling,” Journal of Materials Science, pp. 1-15, 2013.

94

26. Shin, J.W.; Chason, E., “Stress behavior of electroplated Sn films during thermal
cycling,” Journal of Materials Research, vol. 24, pp. 1522-1528, 2009.
27. Klokholm, E., “Intrinsic Stress in Evaporated Metal Films,” Journal of Vacuum
Science and Technology, vol. 6, pp. 138-140, 1968.
28. Gall, K.; West, N.; Spark, K., Dunn, M.L.; Finch, D.S., “Creep of thin film Au on
bimaterial Au/Si microcantilevers,” Acta Materialia, vol. 52, pp. 2133-2146, 2004.
29. Lin, T.-Z.; Chung Y.-W., “Measurement of the activation energy for surface diffusion
in gold by scanning tunneling microscopy,” Surface Science, vol. 207, pp. 539-546, 1989.

